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By Robert 3. Nuber  and  Jones F. Cahill 

A method  is  presented for the  calculation of the low-speed  chord- 
wise  pressure  distribution oyer various sharp-edge airfoils equipped 
with  leading-edge and trailing-edge f laps  of azbitrary  size and deflec- 
tion.  The  method was developed  from an analysis and correlation of 
experfmental  pressure-distribution  data  obtained  from an investigation 
of a sharp-edge  airfoil having leading-edge and trafling-edge  flaps. 
The  generalization of the Wta obtained from tests of a single a i r f o i l  
to  apply  to  other  relatively  thin  eharp-edge  airfoils  resta on the funda- 
mental  assumption  that for sharp-edge  airfoils  the  separation phendena 
controlling  those  components of the  pressure  distribution  which can not 
be  calculated from  potentid-flow theory  do not vary appreciably  with 
variations in the  detailed shape of the airfoi l .  

INTRODUCTION 

Thin  sharp-edge wings designed  to  minlmize  wave  res€stance have 
been  proposed for use on high-speed  aircraft. .As a result,  leading- 
edge  high-lift.  devices  are  required  for  satisfactory  low-speed charac- 
teristics  and  the  necessity has arisen of obtainhg adequate  section 
l oad  data  for  such  lift  augmenters  in  conjunction with trailing-edge 
flaps. An investigation Ws accordingly  been  inade i n  the  Langley  two- 
dimensional  low-turbulence  tunnel of the  aerodynamic loads over leading- 
edge  and  trailing-edge plaln f l a p s  (0.13 chord and 0.20 chord,  respec- 
tive-) on a 6-percent-thick  symrnetricd  circular-arc  airfoil  section 
(reference I). 

In an effort to provide the designer  with  additional  sectian  load 
information, a generalized  method has been  developed  from an analysis 
of data of  reference lwhich permits  the  determination of the  chordwise 

. 
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pressure  distribution  over  sharp-edge  airfoils  equipped  with  leading- 
and trailing-edge  flaps  of  arbitrary  size and deflectlon.  The  develop- 
ment  of  the  method  is  presented  -..this  paper  together  with an illustra- 
t ive  example. 

COEFFICIEWTS AND SYMBOLS 

airfoil-section  lift  coefficient ( 3  
airfoil-section  ideal lift Coefficient;  lift  coefficient  at 
which  stagnation  point  occurB  at  leading  edge 

change in ideal  lift  coefficient  caused by flap  deflection 

airfoil-section  additional  lift  coefficient  due t o  angle of 
attack ( c z  - czb6) 

surface  pressure  coefficient ( ) =(;f (in incompress- H o - P  

ible f low) 

pressure-difference  coefficient acro~8 airfoil (" 9 "1 
flap-section  normal-force  coefficient ($3 
flap-section  hinge-moment  coefficient 

airfoil lift per.unit span 

free-stream  total  pressure 

local  static  pressure 

f lap  nornial force per unit span, positive upwad 

flap  hinge  moment  per  unit span, positive  when  trailing  edge 
tends  to  deflect  downward or leading edge upwkd 

airfoil  chord 

flap  chord 
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free-stream dynamic pressure ( 9  
free-stream  density 

free-stream  velocity 

airfoil-section  angle of attack,  degrees 

flap  deflection,  positive when deflected below  chord l ine,  
degrees 

local  velocity on airfoil surface 

incremental  local  velocity on airfoi l   surface due to  separation 

additional local velocity on a i r fo i l   sur face  due t o  departure 
from the  ideal l i f t  coefficient 

distance behind leading edge,  .inches 

R 

v 

Reynolds nuniber E) 
k-inematic viscosity 

1 
Subscripts: 

N leading-edge f lap 

F trail ing-edge  f lap 

i ideal  

U upper surface 

L lower surf ace 

b6 * refers to  conditions at the i d e a  lift coefficient  with  flap 
deflected . .  

a refers  t o  difference between conditions at  the   i dea l   l i f t  
coefficient and any arbitrary l i f t  coefficient 
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DERIVATION OF METHOD 

Velocity  distribution6  as  calculated by potential-flow  methods 
generally  bear  little  .resemblance  to  those  obtained  experimentally on 
sharp-edge  airfoils  because of the  existence of extensive  regions  of 
separated flow. When analysing  the  velocity  distribution  about s k p -  
edge  airfoils  with flaps, however,  it is convenient  for t he  resultant 
distribution  to be broken  down  into  various cmonent parts a6 is  done 
in the  case of airfoils in potential  flow  (reference 2). The most gen- 
erally  used  breakdown  considers  the  resultant  velocity  distribution  to 
be  made up of  the  following  three  components: 

(1) Distribution of velocity  about  the  basic  symmetrical  airfoil 
at  zero  angle of attack v/V 

(2) Incremental  additional  velocity  distribution  due  to  departure 
of the  airfoil frim the  ideal  lift  coefficient Ava/V 

( 3 )  Mean-line  velocity  distribution 

(a) +Caused by airfoil  camber AV/V 

(b) Caused by f l a p  deflection  -(Av/V)b8 

In the  present  paper,  the only type of mean-line  velocity  distribution 
considered  is  that  resulting  from flap deflection,  since  tbe data-used 
in the  analysis  are  for a symmetrical  airfoil  section, 

. .. 

In terms  of  the  three-component  velocities,. the complete veloci ty  
distribution  about an airfoil  at any lift  coefficient  is  given  approxi- 
mately by: 

.. . . 

r 
" 

For the basic thichess form at zero  lift,  the  velocity  distribution 
can, in any case,  be  .calculated by the  methods  of  references 3 and 4. 
In the  absence  of flow separation,  the  component- Av& is usually taken 
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to be a linear  function of the  add itiona lift  coefficient  clay  that 
is,  the  difference  between any arbitrary  lift  coefficient  and  the  ideal 
lift  coefficient,-asd can be  calculated by thick-airfoil.  theory. If 
extensive  regions of separation  do  not  exist,  the cqonent Av/V 
resulting from airfoil  camber  or f lap  deflection can also be  calculated. 
The  methods of thin-a3ifoil  theory  (references 5 and 6 )  are usually 
employed  for  this  purpose. 

For sharpedge airfoils on which flar separation  limits  the  appli- 
cability of potential-flow  methods,  the  problem of developing a general 
method of determintng  the  velocity  distribution  resolves  itself  into a 
determination of the m e r  in  which  the  various cmponent distributions 
vary  with and 6. First, the  manner in which  the  additional 
velocity  distribution Ava/V varies  with  the  additional  lift  coefficient 
must  be found. The.use of the experimental  pressure-distribution  data 
of reference 1 and the following relat€on prpides the  solution: 

Ch3 

Next,  the  extent to which the  theoretical  velocity  distribution  due to 
flap  deflection  is  realized  experimentally  must  be  determined. In order 
to  determine the variation  of  Ava/V  with lift coefficient and the  com- 
prison of the experfmental and theoretical  velocity  distributions,  the 
ideal  lift  coefficient  must  be known. For any combination of leading- 
edge and trailing-edge f h p  deflections,  the  ideal  lift  coefficient can 
be calculated  by  the  methods of reference 5;  however,  because of f l o w  
separation, a correlation must be  made  between  the  theoretical and 
experimental  ideal  lift  coefficients. Finally, It  becomes  necessaxy  to 
determine  the  velocity  distribution  about the basic  thickness form at 
zero  lift,-that  is, by definition: 

\ 

The  value of V/V for  the  symmetrical  airfoil  at  zero  lift can, of 
course, be  calculated by potential-flow  methods;  however,  the  extent of 
the separated flou on the  upper  and  lower  surfaces  and,  therefore,  the 
effective  value of v/V which  must  be  used In equations (1) and (2) 
vary with  lift  coefficient  and  flap  deflection.  Consequently,  the  value 
of v/V for  the symnetrical airfoil  at  zero lift, determined  theoreti- 
cally, -must be corrected by -an increment vl/V which  is a function of 

" - . -  . . . - - ... "_ 



l i f t  coefficient and flap  deflection. The value of  vf/V w i l l  be 
determined from the data of reference 1. 

Although the method t o  be presented i s  developed on €he basis of 
data from tests of only one airfoi l   sect ion,  it is  thought that the 
results may be.generally applied to other  relatively thin sharp-edge 
airfoi l   sect ion6 because, for  such airfoils,   the  separation phenomena 
controlling  those components of the pressure   as t r ibu t ion  which cannot 
be calculated from potential-flow  theory, would not be expected t o  vary 
appreciably with variations in  the shape  of the airfoil. 

Ideal l i f t  coefficient.- As indicated  previously, a knowledge of 
the association between the theoretical  and experimental ideal l i f t  
coefficients  resulting from flap  deflection, CZb6, is  essential .  The 
change In  ideal l i f t  coefficient is equal to   the sui of two-component 
changes, one result ing from leading-edge-flap  deflection and the other 
from trailing-edge-flap  deflection. Each of these components may be 
calculated  separately and added l inearly.  For  each  leading-edge- and 
trailing-edge-flap  deflection  investigated in reference 1, the l i f t  
coeff ic ient   a t  which the stagnation  point  occurred a t  the leading edge, 
czb6, has been determined. from the experimental data. The results are 
compared i n  figure I with those  calculated from thin-airfoil   theory.  As 
shown i n  figure 1 the experimental  values of czb6 vary almost  linearly 

with  trailing-edge-flap  deflection above loo and, for  the  leading-edge 
f lap ,  the  theoretical   coefficients  are  identical  w i t h  those  obtained 
experimentally. Ln calculating the ideal  lift coefficients czb6N 

resulting from deflection of a leading-edge flap,  the theoretical value 
may, therefore, be used. 

r - 

For trailing-edge-flap  deflections above loo, the experimentally 
determined  values of the  ideal lift coefficient cZbSF are  considerably 

lower than  indicated by the theory. I n  order t o  provide a means of 
determining the change i n  ideal l i f t  coefficient-associated w i t h  deflec- 
t ion  of trailing-edge  flaps of different chords,  Allen's  equation, pre- 
sented i n  reference 7, was used. Ln t h i s  equation the  ideal normal- 
force  coefficient is expressed as  a flmction of flap-chord  ratio,  flap 
deflection, and pitching-moment increment result ing fram flap  deflection. 
Values of czb ( the normal-force  coefficient was taken t o  be  essen- 

t i a l l y  the  same as the lift coefficient)  obtaFned by t h i s  method are  
plotted in figure 2 against  trail--edge-flap  deflection for  flap-chord 
ratios  raqging between 10 and 50 percent. The values of the quarter- 
chord pitching-moment Increment required for the  determlnatfon of these 
curves were determined from numerous experimental  data. These ideal 
lift coefficients  (f ig.  2 )  represent average v a l ~ e s  obtained from a 
ser ies  af  t e s t s  of plain  f laps  on a large number of conventional a i r f o i l  

s, 
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. sections. Similar computations  were a l s o  made f o r  the  20-percent-chord 
flap on the  circular-arc  airfoil used.in the  present  analysis and, as 
expected,  the  resulte  were  identical  with  the  corresponding  data In 
figure 2. For any profile  with plain flaps,  therefore,  the  results of 
figure 2 can  be used for  the  determination  of the ideal  lift  coefficient. 

Mean-line  velocity  distribution.-  The  distr2bution of velocity 
resulting  from f l a p  deflection  (Av/V)bs was computed  from  the data of 
reference 1 for var ious  fl&p deflections  by means of  the fo l lowing  
equation: 

This eqression was obtained by subtracting  equatLon (2) from  equation (I) 
since,  by  definition, AVa/v is  zero  at  the  ideal  lift  coefficient. The 
data  thus  obtained  for  various  deflections  of  the  leading-edge  flap were 
found  to be very  nearly  independent of flap deflection when expressed in 

@)b6N/czbb -plotted  against  percent  chord as determFned  by  theory 8nd 

experiment  (fig.  3(a)) shows good agreement. It is  concluded,  therefore, 
that  the  mean-line  velocity  distribution  resulting from deflection  of 

with a sufficiently high degree  of  accuracy. Due to the  effects  of 
sewration near  the  trailing  edge,  however,  the  experintental velocity 
distributions  resulting  from  deflection of the plain trailing-edge flap 
differed  markedly from those  predfcted by the  theory,  particularly  for 
large f lap  deflections. A different  distribution  for  each  trailing-edge- 
f lap  deflection  (reference 1) was determined,  therefore, and the  results 
are  presented in figure 3(b) in the form of (Av/V),@ against  percent 
chord. 

9 leading-edge f laps  of  various  chords  cen  be  calculated  theoretically 

As a basis  for  extending  the  analysis t o  apply to sharp-edge air- 
f o i l s  having trailing-edge  flap-chord  ratios  other than 0.20, the 
normal-force  aistribution  €9,5F/c2b6F  was  determined  from  the  pressure 
distribution at the ideal  lift  coefficient  for  several  trailing-edge- 
flap -deflections by the  following Flation 
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When compared with  the  distributions  presented  in  reference 7 f o r  a 
0.20~  t ra i l ing-edge  f lap,  good agreement wa6 obtained. It is  probable, 
therefore, that the  normal-force  distribution pbsF/cZb$, and conse- . 

quently  the  velocity  distribution, may be.  determined  with  satisfactory 
precision  for m y  desired  trailing-edge  flap-chord  ratio and deflection 
from table  I11 of reference 7. - .  . 

. -  . .  

Additional  velocity  distribution.-  The.Mues of the local incre- 
mental  velocity  ratio .Av,/V were determined from the data of refer-  

- 

ence 1 and  equation ( 3 )  when plotted as a function  of-the  addi- 
t ional  l i f t  coefficient = c2 - C Z b E ) ,  were found'to be essent ia l ly  
independent of e i ther  leading-edge-  or  trailing-edge-flap  deflection. 
Average values of AVa/V are  plotted  against cza in   f igure 4 f o r  
various chordwise positions. It is thought thqt these values of AvJV 
( f ig .  4) can be used for  various  flap-chord  ratios  since,  after  the 
leading edge has caused separation of the flow, any differences in air- 
foil contour  behind that  point would .have only secondary effects  
on  Ava/V. 

-, 

Effective  basic  velocity  distribution.- The velocity  distribu- 
t ion v/V about  the  basic  symmetrical  airfoil  (reference 1) at zero 
l i f t  i s  presented in   f igure 5 .  A s  prevlously  indicated, such velocity 
distributions can be calcu1ate.d by the  available  theoreticel methods 
given in  references 3 and 4. The effective  values of v/V which must 
be  employed i n  equations (1) and (2), however, vary with  both  additional 
lift coefficient and trailing-edge-flap  deflectfon  because of separation 
phenomena. The increment vr/V which must  be added t o  the  theoretical 
basic  velocity  distribution was determined from the following relation: 

Since v'/V i s  a function of both  trailing-edge-flap  aeflection and 
l i f t   coe f f i c i en t ,  it may be broken down i n t o  two cmpnents ;  namely, 
(v'/V), and  (v'/V),, respectively. *e values of (v'/V), were 
determined f i rs t  from equation ( 5 )  by using  the  experimental  pressure 
distributions at the  design l i f t   coe f f i c i en t .  Values of the  total  change 
i n  basic  velocity  distribution F) = + ($-) were determined \v a 
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from  equation (5) by usihg  the-experimental  pressure  distributions  at - various lift coefficients. Framthe results thus obtained,  the  values 
of (v'/V), were  subtracted  to  obtain (v'/V),. It  should be pointed 
out  that  deflection of the nose flap had no appreciable  effect  on  the 
shape of these  velocity  distributions  when  expressed as a function 
of cza. 

For  various  chordwise  positions,  values  of (Y'/V)F are  presented 
in figure 6 as a function of trailing-edge-flap  deflection.  Forward of 
the  40-percent-chord  station  values  of  this  component  of  velocity  were - 

found  to  be  negllgibly small. The  chordwise  position  of (v'/V)F is 

I - -  
expressed in terms  of x/c - for  points  ahead of and 
behind  the  hinge,  respectively. In this  form,  the  results  are  correlated 
so that they may be-applied t o  sharp-edge  airfoils  having  trailing-edge 
flaps of varying chord. This method  of  correlation is thought to be 
justified  since  the  distribution of (~'/V)F is a result of separation 
at  the  flap  hinge and has been  shown  (reference 7) to be similar  for 
various  hinge  locations. 

X 
C 

1-EF EF 

The  results of the  determinations  of  (V'/V)a  =e shown in fig- 
ure 7 ,  A6 would be  expected,  the  values  are  independent of f lap  deflec- 
tion  when  expressed in terms  of cia. 

APPLICATION OF MF2HOD 

In order to demonstrate  the  application ofthe method  derived 
above,  the  computations  required t o  determine  the  pressure  coefficient 
at 55 percent of the  chord of a 6-percent-thick  symmetrical  cfrcular- 
arc  airfoil  section  with a 10-percent-chord  leading-edge f lap  
deflected 30° and a 30-percent-chord  trailing-edge flap deflected 40° 

' are  worked  out in  the  following  example. The section l i f t  coefficient 
is  assumed  to  be 1.65. 

Lif't-coefficient  increments: . 

From  reference 7, 

'b6N 
= 2 sin eo% = 0.628 

- 
From figure g, 
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Theref ore , 

Airfoi l  basic 

From figure 

NACA RM L50Hl7a 

cza = 1.65 - (0.628 + 0.772) = 0.25 

velocity: 

3 (or  from theoreticd  cdcuI-atians) 

x = 1.078 v 
Incremental additional velocity: 

From figure 4 f o r  . cza  = 0.250, 

Mean-line velocity: 

The local  incremental  basic  velocities  are computed from reference 7 
i n  terms of the  pressure-difference  coefficient 

From the  theoretical  relation  (equation A-19, reference 7), 

p b ~ ~  = 0.416 

From table I11 (a) of reference 7, 

PDsF = 1.639 

Incremental  velocity due to  separation: 

For x/c = 0.55, 

(g)F = -0.062 

From ffgure 7' 

c 

($), = -0.006 
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Pressure  coefficient : 

Rewriting  equation 6 of reference 8, 

v/V i s  the of all the  other v/V terms 

SL = 0.202 

ACCURACY AND LIME!AJ!IONS OF METHOD 

In order t o  jus t i fy   the  method of correlation employed in   the  
development of the  present method, the calculated  pressure  distributions 
over  the  6-percent-thick  symmetrical  circular-arc  airfoil  section and 
the  integrated  flap  normal-force and hinge-moment coefficients  for 
several  individual and combined deflections of the plain leading-edge 
and trailing-edge  flaps are compred wfth  those  obtained  experfmentally 
(reference 1) in figures 8 t o  10. .The f k p  pressure  coefficients 
( f ig .  8)- are  plotted  against   the.projected chordwise position of the 
f lap   o r i f ices  on the   a i r fo i l  chord. The dispersion of the  normal-force 
and hinge-moment re-sults shown i n  figures 9 and 10 may be considered 
typical  of the  accuracy to be expected  fromthe  present meth6d. For 
individual  deflections of  the  leading-edge and trailing-edge  flaps  the 
normal force and hinge-momnt characterist ics,   as a rule, are  within 
10 percent of the experimental  values.  For combined deflections of the 
leading-edge and trailing-edge  flaps,  the  predicted  values of the loads 
and hinge moments over the  trailing-edge  flap remain within 10 percent; 
whereas, fo r  the  leading-edge  flap  the method tends t o  underestimate 
these  characteristics t o  a Larger degree,  depending upon the magnitude 
of the  flap  deflections. 

k 

The flap hinges were located on the lower surface of t he   a i r fo i l  
and the flaps were in contact  with  the  flap skirts so tha t ,   in   e f fec t ,  
there was no leakage of air between the upper and lower surfaces. It is  
believed  that changes i n  the  vertical   location of the  hinge  line w i l l  
have negligible  effects on the  a i r foi l   character is t ics .  If leakage at 

t 
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the  f lap hinge were present,. however, the  effects may be such as ,to 
alter the  separation phenomena par t icu lar ly   a t  l6w trailing-edge-flap 
deflections. 

Although there may be some tendency of increased Reynolds number 
t o  alter t& conditions of the boundary layer,   the  effects of scale 
will probably be of a n  insignificant nature part icular ly   in  view of the 
negligible  variations  in  section 1Ut coefficient  associated with sharp- 
edge a i r f o i l s .  (See  references 9, 10, and -11.) 

CONCLUDING REMARK3 

The experimental  pressure  distrlbuttons  obtained for  a 6-percent-. 
th ick  c i rculw-arc   a i r foi l  wfth  various  deflections of a leading- and 
trailing-edge  flap  have-been -.lysed. .me- c.oqonents of tbe pressure 
d is t r ibu t ion   a t t r ibu tab le   to  the basic thickness form, change i n  angle 
of attack, and f l a p  deflectlon have been e x @ e s s e d  i n  such a form that 
they may be applied  to  the..calculation of the  pressure  distribution 
about  various  sharp-edge a i r f o i l s  having  d-ifferent  flap  sizes and deflec- 
tions. The application of these  resul ts   to   other   re la t ively  thin sharp- 
edge a i r f o i l s  rest8 on the fundamental  assllmptlon that ,   for  such airfoi ie ,  
the separation phenomena which control  thoae portions of the pressure 
distribution  that  cannot be calculated by potential-flow  theory do not 
vary  appreciably with variations in the deta i l ed  shape of the airfoil. 
This  assumption seems to be justif ied  in  large measure by the  fact  that 
the numerous pressure  distributions  obtained  for.the  6-percent-thick 
a i r f o i l  having various combinations of leading- and trailing-edge-flap 
deflections  could be .analyzed and correlated  in terms which (-3 not 
explicitly  involve the flap deflection. Comparison of pressure die-  
tr ibutions and integrated  force  coefficients  obtained by the  generalized 
method presented  with some of the  experimental data employed i n  the 
development of the method indicates that the methods by which the data 
were generalized  give  -over-all results whfch a r e   i n  reasonable agreement 
with  experiment. 

" 

c 

. .  . . 
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Figure 1.- Variation of change in ideal lift coefficient with deflection 
of the 0.15~ plafq leading-edge flap and 0.20~ plain  trailing-edge 
flap on the 6-percent-thick symmetrical circular-arc a i r fo i l  section 
(reference 1) . 
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Figure 2.- Variation of change in  ideal lift coefflcient with plain 
trailing-edge-flap  deflection. 
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(a) 0.15~ plain leading-edge f lap.  

Figure 3.- Mean line velocity distribution for various flap deflections. 
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(b) 0.20~ plain trailing-edge flap. 

F igure  3.  - Concluded. 
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Figure 4.- Variation of  incremental additional velocity r a t io  wi th  
additional lift coefficient. .- 
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Figure 6 .  - Variation of (v'/V), due to separation in the region of the 
trailing edge with plain trailing-edge-flap deflectton. 
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Figure 7. - Variation of (v'/V), due to separation near the leading edge 

with additional  lift  coefficient. 
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Figure 8.- Variation of surface pressure  coefficient with percent  chord 
for the 6-percent-thick  symmetrical  circular-arc a i r fo i l  section 
with 0.12 plain leading-edge  flap and 0.206 plain trailing-edge  flap. 
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(b) = 1.0'. 

Figure 8.- Continued. 
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(c) a0 = 6.10. 

Figure  8.- Concluded. 
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(a) 0.13 plain leading-edge flap. 

Figure 9.- Section flap normal-force and hingecmoment characteristics of 
a &percent-thick symmetrical circular-arc  airfoil  section for indi- 
vidual deflections of the  plafn leading-edge and trailing-edge flaps. 
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(b) 0.20~. plain trailing-edge fiap. 
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Figure 9. - Concluded. 



Figure 10.- Section flap no-1-force and hinge-moment characteristics of 
a 6-percent-thick symmetrical circular-arc airfoil section for combined 
deflections of the p l a i n  leading-edge and trailing-edge flap. . 
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(b) 0.20~ plain trailing-edge flap. 

Figure 10. - Concluded. 
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